It is essential to develop efficient electrode materials for sodium in batteries, which are currently being considered as a promising alternative to lithium-ion batteries. In this work, we are presenting NaMnBO 3 nanoparticles with conductive carbon matrix (C-NMB) synthesized by urea-assisted hydrothermal method used as a potential cathode material in sodium ion batteries. The C-NMB electrode delivered discharge capacities of 116 mAh g −1 , 97 mAh g −1
Among cathode materials mentioned above, the P2 type with ternary and quaternary layered systems has been widely investigated as high capacity cathodes in SIBs due to its easy synthesis and high theoretical capacity. 2, 5, 7, 9, 10 Unfortunately, current P2 type layered materials exhibit large capacity fading at higher cutoff voltage (> 4.25 V) due to the P2-O2 phase transition, which is a major setback. 11 While limiting the cutoff voltage below 4.2 V can certainly avoid the phase changing issue, it would decrease the capacity and energy density of the cell. 2, 12 Alternative materials such as olivine and NASICON type materials also demonstrated low capacities and cutoff voltages, which greatly affect their potential applications. 6, 13 Consequently, exploring new environmental friendly materials with stable electrochemical performance is a major challenge for the advancement of SIBs.
Borate-based cathodes can be a better candidate for SIB because of the lower weight of BO 3 3− polyanions among other polyoxanions such as (SO 4 14 It is well known that this polyanion group has several advantages including high thermal stability, high abundance in the earth's crust and low environmental impact. 14, 15 Moreover, cathodes with BO 3 3− polyanions have high theoretical capacity (<220 mAh g −1 ) and enhanced electrochemical stability because of small volume changes during charge-discharge (C-DC) cycles. [14] [15] [16] [17] These cathodes also have high output potential, which can be achieved from inductive effect of the boron-oxygen bond. 15, 16 The first work on utilizing BO 3 3− polyanions as energy sources for rechargeable lithium ion batteries was reported by Legagneur et al. in the early 2000 s with low electrochemical performance.
14 Since then, numerous works have been demonstrated to enhance the electrochemical activity of LiMBO 3 (M = Fe and Mn). [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] Of late, NaFePO 4 (NFP), olivine-type polyanion cathode, has been investigated as a potential positive electrode material for SIB application. 13, [25] [26] [27] NFP cathode material displays an operating voltage of 2.9 V vs Na + /Na electrode. 28 Nevertheless, NFP prepared using conventional solid state methods at high temperature possessed a closed maricite framework and had no electrochemical activity due to the absence of free charges for Na + diffusion. 29 The enhanced electrochemical performance of NFP was demonstrated by preparing NFP using an electrochemical displacement method from LiFePO 4 (LFP) at low current densities. 28 , 30 Li et al. reported high capacity NFP nanospheres with a discharge capacity of 130 mAh g −1 at 0.2 C. 31 Although olivine-type NFS is considered a non-toxic, inexpensive, and safe energy source for NIB, it has some critical issues. Unlike LFP, the preparation of high-performance NFP using simple synthesis method is difficult as the NFP prepared by solid state method produces the inactive maricite phase. 29 Secondly, the lower operative voltage of NFP restricts its available energy density, rendering NFP infeasible for commercial use. 25, 29, 31 On the other hand, metal orthosilicates (Na 2 MSiO 4 , M = Mn and Fe) have been recently investigated as low cost and less toxic polyanionic cathode materials for SBIs. [32] [33] [34] However, despite their high theoretical capacity (275 mA h g −1 ) these materials still required a detailed investigation on their electrochemical and structural behavior before adopting them in large-scale storage applications. Hence, a new class of polyanionic group should be established that displays a high capacity as well as enhanced electrochemical activity.
Considering the benefits of abundance Na, Mn, and B, and the stability of B-O bond, NaMnBO 3 (NMB) could consider as one of the cheapest cathodes for SIB applications. Compared to the extensively investigated LiMBO 3 (M = Fe, Mn), reports on the electrochemical characterization of NMB polymorphs with tetrahedral open framework structures is scarce. 10, 14, 17, 20 It is expected that NMB could deliver high capacity value at high operating voltage than other polyanion based SIB cathodes such as NFP, NASICON and orthosilicates material due to its high theoretical capacity. Further, prolonged electrochemical cycling stability can also be achieved from NMB through low volume changes during C-DC process and the presence of stable B-O bonds in its structure. 15, 35, 36 This is possibly due to reducing the redox potential of the metal ions in NMB through the inductive effect of electron-withdrawing functional groups in NMB.
14,36 Herein, we employ high surface area (∼50 m 2 g −1 ) carbon containing NMB as a high energy density cathode material for SIB applications with excellent cycle stability. The carbonaceous matrix established between NMB particles enhances the mechanical flexibility of the electrode at high current rates, resulting in excellent electrochemical performance.
Experimental
Carbon-coated NMB (C-NMB) nanoparticles were synthesized using a hydrothermal reaction followed by high temperature calcination. Analytical grade NaNO 3 (Sigma-Aldrich, USA), MnNO 3 (Sigma-Aldrich, USA), boric acid (Sigma-Aldrich, USA), urea (Sigma-Aldrich, USA), and citric acid (Sigma-Aldrich, USA) were used as the starting materials. In a typical synthesis, stoichiometric amounts of the starting materials were dissolved in 40 ml of double distilled water. Then, the appropriate amount of urea was added into the above solution and stirred for 2 h. The molar ratio of metal ions to urea and metal ions to citric acid was maintained at 1:10. After 2 h, the solution was transferred to a 50 ml Teflon-lined stainless-steel autoclave and heated to 180
• C for 12 h. The resulting black product was filtered and washed well with distilled water until the pH of the effluent reached 7, and then dried at 80
• C for 24 h. Finally, the dried powder was mixed with citric acid and fired at 750
• C for 12 h under argon flow to obtain C-NMB nanoparticles.
The crystal structure of C-NMB was examined by powder X-ray diffraction (Miniflex 600, Rigaku, Japan) using Cu Kα radiation. The amount of carbon in the synthesized C-NMB particles was determined by thermogravimetric analysis (TGA, TA instrument Q500). The surface morphological features were observed using a field emission scanning electron microscope (FE-SEM, LEO Zeiss 1550, Switzerland) and transmission electron microscope (HR-TEM, JEOL 2010 FEG). X-ray photoelectron spectroscopy of C-NMB was conducted using Thermo Scientific Theta Probe, USA. The surface area and Raman spectrum of the prepared samples were observed by and Micromeritics ASAP 2020 surface area analyzer and Raman spectrometer (Bruker SENTERRA II Microscope, USA), respectively.
The electrochemical behavior of C-NMB was characterized in a CR 2032 cell configuration with C-NMB as the working electrode and Na foil used as the anode. 1 M NaClO 4 dissolved in ethylene carbonate and diethyl carbonate (EC:DEC, 1:1, v/v) was used as the electrolyte. The working electrode was fabricated by pressing a slurry containing 75% C-NMB, 15% Ketjen black (KB, as conductive agent), and 10% binder (Teflonized acetylene black (TAB) on stainless steel mesh and drying at 80
• C for 12 h under vacuum. The coin cell was constructed using the C-NMB cathode, Na foil anode, and Celgard 2400 separator in an Ar-filled glove box. The mass loading of the C-NMB per electrode is approximately between 3 to 4 mg. Electrochemical impedance spectroscopic (EIS) analysis were performed using a BioLogic (VPS-300, Bio-Logic SAS, France) electrochemical workstation at open circuit voltage. C-DC studies were done between 1.25 V and 4.6 V at different current densities (1C = 220 mA g −1 ) using a battery testing station (Land Battery Tester, China).
Results and Discussion
Physical characterizations.-XRD pattern of C-NMB reveals the presence of hexagonal and monoclinic phases in which hexagonal phase is dominant. The XRD pattern of C-NMB presented in Fig. 1a can be indexed to the hexagonal LiMnBO 3 phase, which is isotopic with hexagonal LiCdBO 3 with p-6 space group (ICSD card #94318). 14, 15, 17, 36 The impurity peaks associated with MnO or Mn 3 O 4 could not be identified in Fig. 1a , suggesting the formation of high purity C-NMB. It is believed that the hexagonal phase in NMB is built up from MnO 5 square pyramids that are interconnected by shared equatorial edges. In the BO 3 plane, the BO 3 units link MnO 5 polyhedra chains running along the c-axis. 14 The alkali ions centered in the tetrahedral sites in the 3D polyanionic [MnBO3] n− framework where the preferred ionic diffusion takes places according to the computational work described by Kim et al., 3738 The anticipated crystal structure of C-NMB is presented in Fig. 1b .
The Raman spectrum of C-NMB presented in Fig. S1 displays sharp peaks at 1335 cm −1 and 1574 cm −1 . The peak at 1574 cm
corresponds to the G band, arising from the vibration of sp 2 carbon atom bonds in the hexagonal lattice. 39 On the other hand, the peak at 1335 cm −1 corresponds to the D band, which represents the disorder in the graphitic hexagonal layer. 6, 39 The relative intensity of the bands (I D /I G ) shows the quality of carbon in the C-NMB materials, where a high intensity ratio reflects a higher defect density. 40 The I D /I G ratio from Fig. S1 was calculated to be 0.75, confirming the carbon in NMB is highly ordered and has high structural integrity. 40, 41 The presence of highly ordered carbon in the cathode materials effectively enhances the inherent electronic conductivity of the adjacent NMB particles and provides more sites for energy storage reactions. The BET surface area of the C-NMB was measured to be 50 m 2 g −1 . The TGA curve is used to measure the amount carbon in C-NMB and the corresponding thermogram is presented in Fig. S2 . The TGA curve clearly displays multiple thermal events during the analysis. The thermal event between 60 and 110
• C (region 1) is caused by the removal of moisture and dehydration of water molecules in the sample. In region 2, a gradual weight loos are noted up to 550
• C, which is due to the decomposition of carbon moieties in C-NMB. Generally, carbon is completely burned out from the sample at around 500-550
• C when it is fired in air and the amount of carbon can be calculated by the weight difference between region 1 and 2 in Fig.  S2 . Therefore, the amount of carbon in C-NMB was found to be approximately 3.4wt%. In the TG curve, a continuous weight loss is observed beyond 550
• C, corresponding to the solid-state reaction process and the formation of the C-NMB. A cathode material with large surface area increases the electrode/electrolyte interface, thereby allowing rapid diffusion of Na-ions under high current operations. 42 SEM images of the C-NMB sample are presented in Fig. 1c . The particles are composed of smaller nanoparticles with an average particle size of 150 nm and a homogeneous distribution. In addition, the C-NMB particles are highly interconnected. The smaller particles with uniform size distribution are essential to reduce the path for ionic diffusion and increase the conductive nature of the materials, therefore facilitating ionic diffusion at high current. It has been reported that polycrystalline cathodes prepared with grain size of 100-150 nm size can enhance the ionic diffusivity and thermal co-efficient when compared to conventional size materials. 43 The homogeneity of the C-NMB powder is analyzed by energy-dispersive X-ray spectroscopy (EDX) and their corresponding mapping is presented in Fig. S3 . The EDX mapping of Mn in Fig. S3f exhibits almost similar intensity distribution for Na and B in Fig. S3d and S3e, demonstrating the molecular-level mixing of the starting materials in C-NMB. Moreover, Fig. S3b shows the presence of homogeneously distributed carbon on the surface of the nanoparticles. A TEM image of the C-NMB sample is shown as Fig. 1d , confirming the formation of a thin layer of amorphous carbon between the NMB particles. The TEM image also reveals that individual NMB particles make up the closely packed polycrystalline nanoparticles, which is internally linked through a carbon network. This carbon network between the NMB can accommodate more electrolyte within its structure and eliminates the volume changes during C-DC cycling. Furthermore, the C-NMB with high surface area enhances the electrode-electrolyte interfacial contact area and provides more reaction sites for Na-ion insertion. The selected area electron diffraction (SAED) pattern of C-NMB in Fig. 1e can be indexed via the interplanar spacings based on hexagonal LiMnBO 3 . 36 The XPS analysis was performed to get the surface composition information of the cathode material. The XPS spectrum of C-NMB in Fig. 2 confirm the presence of Na, Mn, B, and C and their corresponding spectra are shown in Figs. 2a-2d. A broad deconvolution peak observed for Na 1s in Fig. 2a at 1072 eV demonstrates the +1 oxidization state of Na, correlating well with the previous reports. 44 In Fig. 2b , the XPS displays Mn 2p doublet peaks at around 642.1 and 654.3 eV allotted to Mn 2p 3/2 and Mn 2p 1/2 , respectively. 45 The deconvoluted Mn 2p spectrum has four peaks located at 640.9, 642.2, 643.2, and 645.1 eV, which corresponds to to Mn(II), Mn(III), Mn(IV), and shakeup peaks, respectively. The shakeup peak at a lower energy originates from the charge transfer from the outer orbit to vacant shell with higher photon energy. 45, 46 The high resolution B 1s XPS spectrum in Fig. 2c with carbon and oxygen atoms (BC 2 O) whereas the peak at 194.3 eV corresponds to the B atom fenced by C and O atoms (BCO 2 ).
47
The high-resolution C 1s spectrum of C-NMB (Fig. 2d ) reveals the presence of surface functional group indicated by peaks at 284.5 eV, 285.7 eV, and 290.2 eV. The strong peak observed at 284.54 eV corresponds with the bond between sp 2 and hybridized carbon. 48 The peaks positioned at 285.73 eV and 290.2 eV corresponds to hydroxyl groups (C-OH), and π-π * , respectively. 39, 49 It has been reported that the presence of small amounts of oxygen-containing surface functionalities in the materials is vital to achieving high electrochemical stability during C-DC studies. 49 In contrast, oxygen-containing functionalities on the surface can negatively affect the electrical conductivity of the cathode. These surface oxygen groups will also participate in unwanted side reactions with the electrolyte species, thus affecting the electrochemical stability at high potential window. 49 It is evident from the C 1s spectrum in Fig. 2d that the absence of carbonyl (C=O) and carboxyl (O=C-H) functional groups suggests a smaller amount surface oxygen components in C-NMB. 48, 49 As a result, excellent electrochemical profiles at high current rates is expected from C-NMB particles.
The additional structure information of C-NMB is examined by Raman spectrum as shown in Fig. 3 . The infrared reflections from tetrahedral metal vibrational motions are always ascribed from the active bands in the frequency range from 100 and 500 cm −1 . Here, the infrared active bands at 424 and 451 cm −1 in Fig. 3a can be assigned to the vibrations of Na-O and Mn-O bonds. 20, 50 In the case of [BO 3 ] 3− group with D 3h symmetry, the vibrations are split into four frequency ranges (i) the symmetrical stretching (V 1 ) at 900-1000 cm as presented in Fig. 3c . 20 This doublet is wide, indicating a negligible LO-TO splitting of the V 1 (BO 3 ) modes. 50 The Raman spectral region 740-800 cm −1 contains the V 2 (BO3) modes in which the out-of-plane bending vibrations peaks are observed at ∼ 738, 749, 777, 789 cm −1 are observed (Fig. 3d) . Electrochemical investigation of C-NMB.-The C-DC studies of C-NMB cathode against Na foil as the negative electrode were conducted at different current densities ranging from 0.2 C to 2 C within a voltage window of 4.6-1.25 V at ambient temperature. The half-cell is initially subjected to the activation step at the current rate of 0.2 C for 10 cycles and the corresponding C-DC profile is presented in Fig.  S4 . Generally, C-DC at low current density for few cycles is required for high voltage cathode materials (>4.5 V) to stabilize the electrode/electrolyte interfacial layer and achieve high electrochemical stability upon cycling process. 51 The reaction mechanism of activation step is complex and contains highly irreversible reorganization of the C-NMB structure, that improves the electrochemical performance of the material during subsequent Na-ion intercalation/deintercalation process. 51, 52 This irreversible surface stabilization step causes large irreversible capacity losses and results low coulombic efficiency during the initial C-DC cycles. 51 The C-DC profiles of the C-NMB/Na + halfcell in Fig. 4a and Fig. S4 are very similar to its counterpart (LiMnBO 3 ) reported elsewhere. 14, 17, 36 Fig. S4 shows a irreversible capacity during the initial cycle at low current density, and similar behavior is also reported for polyanion-based electrode materials.
14,16,21,36 Lee and Kaliyappan et al. reported that the this large irreversible capacity loss is likely attributed to the decomposition of electrolyte and formation of a solid electrolyte interface (SEI) layer at high potential ranges. 16, 36 The discharge curve of the C-NMB/Na + cell showed slightly higher redox potential of Mn redox couple as (BO 3 ) 3− polyanion has a strong covalent bond with metal ions. 24 Consequently, the polyanion alters the Mn 3+/2+ redox behavior resulting in a higher redox potential for the Mn 3+/2+ couple. 24, 36 After the initial cycle, the coulombic efficiency of the cell increased and reacted over 96% after subsequent cycles. The C-NMB/Na+ cell delivered approximately 194 mAh g −1 charge capacity during the 2 nd cycle, demonstrating that roughly 0.99 M (based on 195 mAh g −1 theoretical capacity) of Na ion was successfully extracted from its structure. During the discharge, about 61% of Na ion reinserted into C-NMB structure, delivering discharge capacities of about 116, 115 and 114 mAh g −1 in the 1 st , 2 nd and 10 th cycles, respectively at 0.2 C rate (presented as insert in Fig. S4 ). The capacity delivered by C-NMB cathode is comparable to other polyanion based cathodes and other structural materials such as NASICON, P2, and O3 based layered materials. 1, 3, 6, [8] [9] [10] 16, 17, 25, 27, 36 Although P2-type layered materials have delivered a high discharge capacitor of over 180 mAh g −1 at lower current densities (C/20), they experience severe capacity fading at higher cutoff voltages due to the phase transformation (P2-O2). 1, 5 In contrast, NASICON or olivinetype sodium-based materials also deliver approximate capacities of 115 mAh g −1 and 120 mAh g −1 at C/20 rate, respectively. 3, 6, 25 However, the lower operating voltage of these materials result in low energy density value. 2, 3, 6 In addition, the difficulty in synthesizing sodiumbased olivine-type materials also hinder its commercial use. 13, 25 In our work, C-NMB can operate at higher cell voltages, enhancing the energy density of the NIBs. C-NMB/Na + half cell in the present investigation is comparable with commercial Li-ion batteries electrode materials. 53 In addition, the cell still maintains the cell voltage of about 2.935 V after 60 cycles as shown in Fig. S5 , revealing that C-NMB electrode does not suffer from the polarization effect during the subsequent cycling and could exhibits excellent electrochemical stability.
The C-DC curves and cycling stability of the C-NMB cell recorded at 0.5 C, 0.8 C, and 2 C between 1.25 V-4.6 V are illustrated in Fig.  S6 and Fig. 4b , respectively. It well known that the reaction kinetics of Na-ion intercalation/deintercalation at high current densities is limited due to the reduced ionic diffusion process. 15, 36, 38 Generally, Na-ions approach only the outer surface of the electrode when the cell is cycled at high current rates and hence only part of the active materials is participated in the electrochemical reaction. 36 This decreases the voltage plateau of the C-DC curves thus reduces the discharge capacity at high current rates. Despite showing irreversible capacity loss during the initial cycle at all current rates, the cells exhibit coulombic efficiency of over 97% upon cycling process as presented in Fig. 4b . The C-NMB nanoparticles exhibit exceptional cyclic behavior even at high discharge current rates. The half cell has the capacity retention of 85%, 90%, and 98% after 60 cycles at 0.2 C, 0.8 C, and 2 C, respectively along with coulombic efficiency close to 99.5%. The stability of the C-NMB electrode is better at higher current densities due to its structural behavior. 43, 48 The smaller size of the NMB particles with uniform carbon coating reduce the conductive profile. Moreover, the excellent electrochemical performance of C-NMB is also related to its large surface area. 42 The relatively large surface area of 49 m 2 g −1
and porous carbon matrix of C-NMB allowed it to store more electrolyte within its structure. Such porous nanomaterials provided void spaces in the structure which minimized bulk volume changes during the intercalation and de-intercalation of sodium ions. This makes the electrode structure flexible against the inherent mechanical stress formed during C-DC cycles at high current densities. 42 The porous carbon matrix around NMB particles facilitates easy ionic/electron movement during the cycling process even at high current rates. The stability of C-NMB obtained at high current densities is one of the best among polyanionic materials in sodium ion batteries. The comparison of the electrochemical performance C-NMB with other high voltage polyanion materials is presented in Fig. S7 . It is apparent from Fig. S7 that the C-NMB shows enhanced electrochemical stability than that of other polyanion hosts including LiMnBO 3 . For instance, Li et al. achieved 51 mAh g −1 at 100 mA g −1 for a Na 2 FeSiO 4 electrode with low rate performance. 33 Kee et al. reported 126 mAh g −1 at 1/40 C for Na 2 FeSiO 4 with severe capacity decay. 34 The olivine-type NaFePO 4 prepared using electrochemical displacement reaction was reported by Feng et al. with a discharge capacity of 46 mAh g −1 at 2 C rate. 13 NaFePO 4 and Na 3 V 2 (PO 4 ) 3 materials have shown slightly higher electrochemical performance than C-NMB in the present study, difficulty in synthesis and low operating voltage of these materials make them inappropriate for next generation NIBs. 10, 26 On the other hand, NMB with enhanced cycling stability at higher current densities along with increased cutoff voltage is making NMB as a potential candidate for large scale NIB application in future. 1, 6, 9, 11, [25] [26] [27] This outstanding stability of C-NMB is a result of strong covalent bond between boron and oxygen atom as well as the presence of low oxygen-containing functionalities on the surface, which is vital to minimize the unwanted side reactions with electrolyte. 14, 16, 36 The rate performance of the C-NMB electrode at different current rates is presented in Fig. 4c . It obvious that the capacity decreases with increasing current density as the ionic diffusion reduces at high current. 54 Therefore, only part of the ions can be involved in the electrochemical reaction. The C-NMB/Na + cell delivers discharge capacities of about 116 mAh g −1 , 97 mAh g −1 , 76 mAh g −1 , 70 mAh g −1 , and 53 mAh g −1 at 0.2 C, 0.5 C, 0.8 C, 1 C, and 2 C, respectively. It is well-known that polyanionic cathode material suffers from low electrical conductivity and reports low rate performance. [1] [2] [3] 53 However, in the present study, the inherent, conductive nature of NMB particles are further enhanced by a conductive carbon matrix between the particles. Thus, the C-NMB/Na + cell exhibits an excellent rate performance. Moreover, the capacity drop observed between the lower and higher current rates is low. The C-NMB electrode delivers 97 mAh g −1 at 0.5 C and still maintains 60% of its capacity when the current rate is increased to 2 C. The carbon matrix developed around the NMB particles not only enhanced the rate performance but also provided more redox reaction sites for electrochemical reactions at higher current densities. 15, 21, 22 The uniform particle size and distribution of highly interconnected C-NMB particles (presented in Figs.  1b-1c) shorten the ionic partway for Na-ion diffusion and improve overall rate performance. 15, 22 Additionally, the structural stability of NMB provided by strong B-O bond also assisted in enhancing the electrochemical performance. 14, 15 In order to further confirm the structural stability of C-NMB electrode, XRD measurements are carried out after rate performance (50 cycles) compared to the pristine electrodes. Comparison of the charged state XRD pattern to the original pattern in Fig. 4d indicates that no new phases formed during the C-DC process. It can be found in Fig.  4d that that the major diffraction peaks of C-NMB are maintained but exhibit slight shift to higher angles after full charged state to 4.6 V without any new phase formation. Furthermore, a long flat plateau presented in Fig. S4 is ascribed from the decomposition of electrolyte under the high voltage (>4.5 V), agreeing with its LiMnBO 3 counterpart. 21 After the first discharge, the peaks are reverted back to it original positions. As shown in Fig. 4d , the shift in peak position and peak shape of the XRD peak for the electrode before and after cycling are indistinguishable. It can be concluded that the hexagonal structure of C-NMB is retained even after reversible Na ion intercalation/deintercalation at high current rates.
The long-term stability of the C-NMB electrode was evaluated by testing for 250 cycles at 2 C between 1.25 V-4.6 V. The cycling performance is presented in Fig. 5b and its corresponding C-DC curve is shown in Fig. 5a . The C-NMB/Na + cell delivers about 53 mAh g The synergistic effect of large surface area and relatively smaller particles with porous carbon matrix allows the NMB surface to store more electrolyte and alter the rigid nature of the electrode at high current cycling. Moreover, the enhanced conductive profile of NMB gave rise to greater stability as well. 38, 42, 43, 49, 54 The conductive nature of C-NMB is studied and discussed in the following section.
Electrochemical impedance spectroscopy (EIS) measurements of the C-NMB half-cell was carried out at open circuit voltage. The Nyquist plots of the C-NMB/Na+ cell recorded before cycling is presented in Fig. S8a . A small intercept at the real axis corresponds to the electrolyte resistance (R e ), where the semicircle in the medium frequency region is attributed to the charge transfer resistance (R ct ). An inclined line (Warburg region, Z w ) in the low frequency region is associated to the sodium ion diffusion into the electrode. From the Nyquist plot, the charge transfer resistance of the C-NMB electrode is 338.35 . The ionic diffusion coefficient (D) of C-NMB is calculated from the EIS plot according to the following question:
where R is the universal gas constant (8.314 J mol
, T is the absolute temperature (298.15 K), S is the electrode surface area (1.3 cm 2 ), n is the number of electrons involved in the electrochemical reaction (n = 1), F is Faraday constant (96485 C mol −1 ), and C is the molar concentration of Na ion in the electrolyte. σ represents the Warburg factor that is calculated from the slope of Warburg line.
The ionic diffusion coefficient of C-NMB electrode was calculated to be 5.93 × 10 −13 cm 2 s −1 . This relatively higher ionic diffusion of the material is in accordance with reported values for polyanion components. 55, 5657 The high ionic diffusion coefficient arises from the strong covalent bond of the B-O bond, the large surface area, and the presence of a porous conductive carbon network between the NMB particles. 17, 21 The large surface area of C-NMB improves the contact between the electrode and current collector and electrolyte/electrolyte interface. The former is responsible for better conductive properties while latter facilitates the diffusion of Na-ions. 38, 42, 49, 56 The Nyquist plots of C-NMB electrodes before and after cycling at different current rates in Fig. S8b confirmed that the charge transfer resistance of C-NMB after cycling is slightly higher than the one conducted before cycling. This demonstrates the negligible depletion of Naions, leading to superior cycle stability and coulombic efficiency. The porous conductive carbon significantly enhances the electronic and ionic conductivity of NMB electrode, which further increases the energy storage capability even at high current rates as seen in the rate performance data.
To further confirm the structural stability of C-NMB, the XPS spectrum of Mn 2p has recorded after 250 cycles and presented in Fig. S9 . As seen from the Fig. S9 , the XPS spectrum of Mn 2p before and after cycles are almost identical, demonstrating that oxidation state of manganese is revert to its original state. This is confirmed the high structural stability of C-NMB even after deep cycling process, which is well agreed with the XRD results presented in Fig. 4d . Based on our work, it should be noted that the C-NMB is displaying attractive electrochemical performances. Although the overall behavior of C-NMB is comparable with other electrode materials, however, these were attained at a large potential window of 1.25-4.6 V, Hence, significant effort should be implemented to develop NaMnBO 3 based materials in more realistic working window of 2.5-4.3 V in future by addition of improved metal oxide layer.
Conclusions
A novel hexagonal NaMnBO 3 with conductive carbon (C-NMB) was synthesized using a hydrothermal method with applications in high-performance sodium ion batteries. The half-cell containing C-NMB electrode delivered 119 mAh g 1.25 V. In addition, the cell also exhibiting excellent cycling stability at 2 C with a capacity fade of 0.06% per cycle after 250 cycles. The enhanced electrochemical stability of the C-NMB cathode is attributed to the conductive electrical percolation matrix designed between the particles and its large surface area. This approach has significant effects on reducing electrode polarization, especially at high current C-DC testing, delivering a remarkable rate performance among sodiumbased polyanion cathode materials. The XRD pattern of the C-NMB electrode after cycling did not display any phase changes, demonstrating its excellent structural integrity. The facile synthesis and high performance of NaMnBO 3 with carbon can be adopted as a promising cathode material for the next generation of sodium ion batteries.
